Pituitary tumors of the gonadotrope lineage are often large and invasive, resulting in hypopituitarism. No medical treatments are currently available. Using a combined genetic and genomic screen of individual human gonadotrope pituitary tumor samples, we recently identified the mammalian sterile-20 like kinase 4 (MST4) as a protumorigenic effector, driving increased pituitary cell proliferation and survival in response to a hypoxic microenvironment. To identify novel inhibitors of the MST4 kinase for potential future clinical use, computational-based virtual library screening was used to dock the SelleckChem kinase inhibitor library into the ATP-binding site of the MST4 crystal structure. Several inhibitor candidates were identified with the potential to bind with high affinity. Using a TR-FRET in vitro recombinant kinase assay, hesperadin, initially described as an Aurora kinase inhibitor, exhibited potent inhibition of the MST4 kinase at nanomolar concentrations. The LbT2 gonadotrope pituitary cell hypoxic model was used to test the ability of this inhibitor to antagonize MST4 actions. Under short-term severe hypoxia (1% O 2 ), MST4 protection from hypoxia-induced apoptosis was abrogated in the presence of hesperadin. Similarly, under chronic hypoxia (5%), hesperadin blocked the proliferative and colony-forming actions of MST4 as well as the ability to activate specific downstream signaling and hypoxia-inducible factor-1 effectors. Together, these data identify hesperadin as the first potent, selective inhibitor of the MST4 kinase with the capacity to block pituitary tumor cell growth in a hypoxic microenvironment.
Introduction
Pituitary tumors are the most common type of brain tumor, detected clinically in 1/10,000 persons, but present at autopsy in up to 20% of the population (1, 2). These tumors are usually derived from one of the five different pituitary cell types, including prolactin, growth hormone, gonadotrope, corticotrope, and thyrotrope. Gonadotrope, often called non-functioning or null cell tumors, represent 35% of pituitary tumors, and are identified by expression of follicle-stimulating hormone, luteinizing hormone, and/or alpha-subunit mRNAs or protein by immunohistochemistry (3) . These tumors present clinically more commonly in men than in women, with hypogonadism due to low testosterone and tumor mass effects causing visual disturbances, and compromise to normal pituitary function, often resulting in hypopituitarism (3) . Local invasion into adjacent structures and dura occurs in approximately 50% of patients, leading to increased risk of residual tumor regrowth in $30% after transsphenoidal surgical resection and need for additional surgery or radiation treatment (4) . There are no widely accepted prognostic biomarkers and no medical therapies for gonadotrope pituitary tumors. Thus, new treatment options are needed.
The underlying pathogenesis of pituitary tumors is poorly understood due to a limited access to human tissue, lack of human cell lines, and/or optimal animal models (5, 6) . Prior studies by our group and others have used gene expression microarray profiling of individual human pituitary tumor samples to identify and characterize candidate genes involved in pituitary tumor promotion or maintenance (7) (8) (9) (10) . Using copy-number variation analysis and DNA microarray profiling of individual human gonadotrope pituitary tumors and normal pituitaries, we recently identified the mammalian Ste20-like kinase 4 (MST4) as a genetically and genomically dysregulated gene (11) .
Originally identified in yeast pheromone signaling, upstream of MAPK, Sterile 20 (Ste20) is a serine threonine kinase (12, 13) . Mammalian Ste20-like kinases comprise a large family grouped into two structurally distinct subfamilies: the p21-activated kinase family (PAK) and the germinal center kinase (GCK) family (12) . There are 8 subfamilies in the GCK group (GCKI to VIII; refs. 14-16). MST4, MST3, and SOK1 compromise the GCKIII subfamily, which share approximately 90% of the amino acid sequence in the kinase domain, but have less than 20% alignment in the Cterminal domain (12, 17) . This GCK subfamily has shown a broad array of cellular functions. SOK1 has a reported role in cell migration, and MST3 can play a proapoptotic role (18) (19) (20) . Depending on cell type, MST4 can play multiple roles in the cell.
For example, MST4 is proapoptotic in breast cancer cells (21) , but in embryonic kidney cells, cerebral cavernous modulator-3 (CCM3) shuttles MST4 from the Golgi to the plasma membrane to interact with Ezrin/Radixin/Moesin (ERM) proteins to promote cell survival (17) . In HeLa cells, MST4 may also be involved in regulation of cell migration via its interaction with the Golgi protein GM130 (22) . Together, these data imply that MST4 serves a diversity of roles and cell-specific functions.
The role of MST4 in tumor development or maintenance has not been extensively studied. Prior to our study, only one report showed that MST4 induces anchorage-independent growth and increases in vitro proliferation as well as in vivo tumorigenesis using prostate cancer cell lines (23) , suggesting a role in prostate cancer progression. Our recent study demonstrated that MST4 has the potential to promote pituitary tumorigenesis by modulation of cell proliferation and survival in response to a hypoxic microenvironment (11) . The functional effects of MST4 in pituitary tumor cells were dependent on the MST4 kinase sequence and downstream signaling pathways (11) . Additional data in our laboratory suggest the kinase is upregulated in all pituitary tumor cell types, which support future efforts to target this kinase as a potential new medical therapy for all types of human pituitary tumors and other tumors where MST4 is overexpressed.
In the present study, we utilized a computational-based and experimental screening approach to screen a database of small molecule compounds for potential MST4 inhibitors. Specifically, a virtual library screen was used to dock the commercially available SelleckChem kinase inhibitor library into the ATP-binding site of the MST4 crystal structure. This approach identified several candidate MST4 kinase inhibitors with the potential to bind MST4 with high affinity. This docking analysis combined with an MST4 TR-FRET in vitro kinase assay identified hesperadin as a candidate MST4 kinase inhibitor. Accordingly, functional studies using hesperadin demonstrated nanomolar inhibition of the multiple functional roles of MST4, including blocking survival, growth, and tumorigenicity and activation of cell-specific downstream signaling pathways in a hypoxic LbT2 gonadotrope pituitary cell model. Together, these data identify the first potent inhibitor of the MST4 kinase active at nanomolar concentrations with the capacity to selectively abrogate MST4 kinase effects under a hypoxic microenvironment and support future studies of its ability to modulate pituitary tumor growth in rodent models and other cancers where the kinase is dysregulated.
Materials and Methods

Computational-based library screen
Computational modeling was performed using Accelrys Discovery Studio 3.5 (Acclerys Inc.) and Molsoft ICM-Pro 3.8 (Molsoft Inc.). Crystal structure coordinates for MST4 were downloaded from the protein data bank (PDB ID: 3GGF, www.pdb. org). The protein structure was typed with the CHARMM forcefield (24) and energy minimized with the smart minimizer protocol within Discovery Studio using the Generalized-Born with simple switching implicit solvent model to a root mean square gradient (RMS) convergence <0.001 kcal/mol prior to use in the docking studies. The commercially available (24) SelleckChem kinase inhibitor library (SelleckChem, Inc.) was docked into the ATP-binding site of the MST4 crystal structure using the library docking tools in both Accelrys Discovery Studio 3.5 and Molsoft ICM-Pro 3.8. The top 20 compounds that scored highest in both sets of simulations were then docked again into MST4 using the flexible docking protocol in Discovery Studio (25) . The final ranking of the docked poses was performed via consensus scoring, combining the predicted binding energy with the Jain (26), PLP2 (27) , and Ludi3 (28) 
Reagents
The open reading frame of mMst4 was inserted into pcDNA3 vector as described (11) . MST4 TR-FRET biochemical assay kit was purchased from Perkin Elmer. Hesperadin, PKI-587, and volasertib were purchased from SelleckChem.
TR-FRET kinase assay
LANCE (Perkin Elmer) Europium TR-FRET kinase binding assays were performed in white 384-well plates (Perkin Elmer, OptiPlate #6007299) using recombinant MST4 kinase (Carna Biosciences #07-119), ULight PKC substrate (Perkin Elmer #TRF0108), ATP (Sigma Aldrich #A26209) and LANCE Euanti-PKC (Ala25Ser) antibody (Perkin Elmer #TRF0207). Assays were performed at 25 C in a reaction mixture consisting of 2 mL serially diluted drug solution, 4 mL MST4 solution, 2 mL ULight PKC substrate solution, and 2 mL ATP solution. All reagents were prepared as solutions in 1Â kinase buffer (50 mmol/L HEPES, 1 mmol/L EGTA, 10 mmol/L MgCl 2 , 1 mol/L DTT, 0.1% Tween, pH 7.5). Hesperadin solutions (0.02 nmol/L to 5 mmol/L final concentration) were prepared from a DMSO stock solution through serial dilution into kinase buffer such that final DMSO concentrations did not exceed 0.5%, and this was shown to have no effect on kinase activity. Required MST4 kinase and ATP concentrations, determined via titration, were 1.5 nmol/L and 17 mmol/L, respectively. ULight PKC substrate was used at a final concentration of 50 nmol/L. All reagents were incubated together for 1 hour, before the reaction was halted through the addition of 5 mL 10 mmol/L EDTA solution in 1Â LANCE detection buffer (Perkin Elmer #CR97-100) followed by 5 mL LANCE Eu-anti-PKC (Ala25Ser) antibody solution to a final concentration of 2 nmol/L in 1Â LANCE detection buffer. The plate was incubated in the dark for 1 hour, before being read using a PerkinElmer Envision 2104 Multilabel Reader enabled for TR-FRET (excitation ¼ 340 nm; tracer emission ¼ 665 nm; antibody emission ¼ 615 nm; delay ¼ 100 ms; integration ¼ 200 ms). Emission ratios (665/615 nm) were determined for each inhibitor concentration (n ¼ 6), and the data were analyzed using a nonlinear regression analysis of the log dose-response curve to afford an IC 50 value.
Cell culture
LbT2 gonadotrope cells from P. Mellon (University of California, San Diego, San Diego, CA) were cultured as previously described (11) . There are no human gonadotrope cell lines available and these cells, immortalized with simian virus 40 Tantigen, are the only functional gonadotrope tumor cell lines available and used widely in the field. Cells were cultured in DMEM (Invitrogen) supplemented with 10% fetal bovine serum (FBS; Gemini), 100 U/mL penicillin, and 100 mg/mL streptomycin at 37 C in humidified 5% CO 2 incubation chamber. LbT2 stable transfectants, including vector pcDNA3 and MST4 wildtype, were generated using Lipofectamine 2000 (Invitrogen) following the manufacturer's protocol. Selection of stably overexpressing pcDNA3 and MST4-WT cells were generated from the population of clones under geneticin selection (600 mg/mL; Gemini). In prior studies, we saw no effect of the MST4 kinase in response to growth factors or in response to normoxia (11) . The pituitary cell hypoxia model was created based upon the hypoxic microenvironment that pituitary tumors grow within as described (11) . Briefly, short-term experiments were performed in 1% hypoxia. Long-term experiments for proliferation and colony formation were performed under 5% hypoxia as no cells will survive under more stringent conditions.
Colony formation assay
Anchorage-dependent growth of tumor cells was investigated by a standard colony formation assay. LbT2 transfectant cells were plated in triplicate in a 6-well plate (1.0 Â 10 6 per well) and incubated at 37 C under humidified 5% CO 2 . Twenty-four hours later, the transfectants were placed under hypoxia (5% O 2 ) in growth medium for 7 days in the absence or presence of hesperadin (20 nmol/L). Media were aspirated and replaced with fresh media containing hesperadin (20 nmol/L) or control media every 2 days during the incubation. Surviving colonies were stained with Crystal Violet for 10 minutes after methanol fixation for 5 minutes, and visible colonies (!50 cells) were counted.
BrdUrd proliferation assay
The proliferation assay was performed by plating 20,000 cells in a 24-well plate containing microscope coverslips in growth medium. Cells were grown under norrmoxic conditions for 24 hours before adding hesperadin at various concentrations (0, 5, 10, 20, 40 nmol/L). After 3 hours of preincubation with hesperadin, cells were placed in a hypoxic environment (5% O 2 ) for 7 days. Due to the half-life of hesperidin, it was added every 2 days in fresh hypoxic media. For BrdUrd staining, on day 6 the LbT2 transfectants were incubated with serum-free and antibiotic-free (SFAF) DMEM containing BrdUrd (Sigma-Aldrich; 10 mmol/L) under 5% O 2 for 24 hours. Cells were washed with PBS three times and fixed in 4% paraformaldehyde for 20 minutes. To increase permeability, cells were incubated in a buffer of 0.3% Triton X-100 in PBS for 15 minutes. Cells were then blocked in a solution of 10% bovine serum albumin (BSA) in PBS for 10 minutes. AntiBrdUrd antibody (100 mL; BD Pharmingen) in 0.5% Tween-20 in PBS was added at a 1:100 concentration and incubated in a humidified chamber for 1 hour. After washing with PBS three times, cells were incubated for 30 minutes with rhodamineconjugated goat anti-mouse IgG, according to the supplier protocol (Life Technologies). Cells were washed with PBS three times, then incubated with 0.5 mg/mL of diamidino-2-phenylindole (DAPI; Invitrogen) in methanol for 6 minutes. Prior to microscopic examination, cells were washed with H 2 O, and coverslips were applied using Flo-Texx mounting medium. A total of 500 cells per cover slip were counted and the percentage of BrdUrdpositive cells for each treatment condition was recorded. Replicate cover slips were averaged, and the experiment was repeated three times (N ¼ 3).
Apoptosis assay in response to a hypoxic microenvironment
To analyze apoptosis, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) was performed. A total of 50,000 cells were plated in a 24-well plate containing microscope coverslips in growth medium and allowed to grow for 24 hours. The cells were then starved overnight, treated with hesperadin (0, 5, 10, 20, 40 nmol/L) for 3 hours, then placed in a hypoxia chamber (1% O 2 ) for 17 hours. Cells were then washed 3 times with PBS and were fixed with 4% paraformaldehyde for 25 minutes at 4 C. After being washed three times with PBS, the cell membranes were permeabilized with 0.2% Triton X-100 in PBS for 5 minutes. TUNEL reaction mixture was made according to the manufacturer's protocol (Promega), and 50 mL of the TUNEL reaction mixture was added to the cells, then allowed to incubate for 1 hour at 37 C in a humidified chamber. After washing with PBS 3 times, coverslips were mounted with DAPI ProLong Gold antifade reagent (Invitrogen). Using fluorescence microscopy (Nikon Elipse E600), 500 cell nuclei were visualized and the green fluorescence of apoptotic cells was counted. Counts between replicate coverslips were averaged and reported as a percentage of the 500 cells counted.
Immunoblot analysis
Immunoblotting was performed as previously described (11) . The bicinchoninic acid assay (BCA; Pierce) was performed to quantify protein concentrations in cell lysates, and equal amounts of protein (25 mg) were separated by SDS-PAGE. Using the minitransblotter system (Bio-Rad), the gels were blotted to polyvinyl difluoride membranes (PVDF). After blocking in a 3% BSA solution, membranes were incubated with primary antibodies at 4 C overnight. Antibodies against mouse AKT, p38, ERK, phospho-AKT, phospho-p38, and phospho-ERK (Cell Signaling Technology) were used at 1:1,000 dilutions. GAPDH (Millipore) was used at a 1:2,000 dilution. The membranes were then washed with TBST and incubated for 1 hour with horseradish peroxidaseconjugated secondary antibodies (Bio-Rad). Proteins were visualized by enhanced chemiluminescence according to the manufacturer's protocol (Pierce).
Statistical analysis
Data are presented as means AE SEM from three or more separate experiments. The P-value calculations were conducted using an unpaired Student t test for two-group comparison or ANOVA (with Bonferroni posttest analysis for multiple comparisons). All data were analyzed and presented by using GraphPad Prism software (version 5.0; GraphPad Software Inc.).
Results
Computational docking analysis identifies inhibitor candidates
In order to identify potential inhibitors of the MST4 kinase as a potential therapeutic target in pituitary tumors, we performed a virtual screen of the commercially available SelleckChem kinase inhibitor library consisting of 242 structurally diverse inhibitors designed to target a variety of cellular kinases. Compounds were docked into the ATP binding site of MST4 and an overall ranking was generated according to predicted binding affinity as described in Materials and Methods (see Table 1 ).
Identification of MST4 protein expression levels in pituitary adenomas
MST4 protein expression was detected using immunoblot analysis of normal pituitary and multiple types of pituitary adenomas [gonadotrope, as well as prolactin (PRL), adrenocorticotropin (ACTH) and growth hormone; Fig. 1A ]. MST4 was consistently upregulated in all pituitary tumor samples analyzed. To create a model of gonadotrope tumorigenesis, MST4 was stably overexpressed in LbT2 gonadotrope cells at levels equal to or less than that seen in gonadotrope adenomas (Fig. 1B) .
Comparison of the effects of selected inhibitor candidates in hypoxic cell model
The computational modeling analysis revealed a list of 10 topranked molecules that were predicted to bind the ATP-binding site of MST4 (see Table 1 ). Based upon review of the literature and a goal of identifying novel inhibitors, 3 out of 10 inhibitor candidates were selected and investigated in the pituitary cell model: the mTOR inhibitor PKI-587, the Aurora kinase B inhibitor hesperadin and the Polo-like kinase 1 (PLK-1) inhibitor volasertib. The mTOR/PI3K pathway is a signal transduction cascade involved in cell growth and metabolism and has been previously shown to play a role in pituitary tumorigenesis (29) . As expected, PKI-587 abolished MST4 protected cell survival effects at less than 10 nmol/L (Fig. 1C) , which was within the compounds IC 50 range against mTOR (30) . Volasertib is a well-known small molecule inhibitor of PLK-1 (31). It did not show any effects on the ability 1D) . In contrast, incubation with hesperadin, an inhibitor initially described as an Aurora kinase B inhibitor, abolished MST4-induced cell survival (Fig. 1E ). MST4 cells displayed decreased rates of hypoxia-induced apoptosis compared with vector controls (3.21-fold, P < 0.01). Incubation with hesperadin diminished the antiapoptotic effects of MST4 in a dose-dependent manner (2.6-fold at 0.1 nmol/L; 1.84-fold at 1 nmol/L; 1.49-fold at 10 nmol/L; 1.07-fold at 100 nmol/L and 1,000 nmol/L, compared with vector controls Ã , P < 0.05 by one-way ANOVA). These data suggest that hesperadin may be a highly selective inhibitor of the MST4 kinase.
Determination of the in vitro inhibitory activity of hesperadin against MST4
Hesperadin is an indole-based compound ( Fig. 2A) that is a known ATP-competitive Aurora B kinase inhibitor. From our computational screen, hesperadin displayed multiple binding interactions in the ATP-binding domain of MST4 (Fig. 2B) . The inhibitory activity of hesperadin against recombinant human MST4 was subsequently determined in an in vitro kinase timeresolved fluorescence resonance energy transfer (TR-FRET) assay (Fig. 2C) . Potent inhibition of MST4 kinase activity was observed with hesperadin (IC 50 ¼ 6.18 AE 2.2 nmol/L, n ¼ 6). Importantly, this IC 50 is significantly lower than the published IC 50 (250 nmol/L) of hesperadin to inhibit Aurora kinase B (32) . PKI-587 and volasertib were also tested in the TR-FRET assay and neither compound inhibited MST4 within the range of the assay (up to 5 mmol/L; Fig. 2B ), confirming that the effects PKI-587 on hypoxia-induced apoptosis of MST4 transfectants was not via actions through MST4. The TR-FRET assay results confirmed the data derived from the computational-based screen and the effects of hesperadin in the hypoxic cell model. Collectively, these data support hesperadin as the first selective nanomolar inhibitor of MST4 and supported further analysis of hesperadin and its inhibitory effects on MST4 in the hypoxic pituitary tumor cell model.
Hesperadin abolishes MST4-protected cell survival in response to hypoxia
The computational modeling data and in vitro kinase assay revealed hesperadin as an MST4 kinase inhibitor. To further evaluate this compound, hesperadin was investigated for its ability to abrogate the protective effect of MST4 in response to hypoxic stress. To mimic a hypoxic milieu, control and stable MST4 LbT2 transfectants were exposed to severe hypoxia (1% O 2 ) for 17 hours in the absence or presence of hesperadin in various doses, and cell death was assessed by TUNEL staining (Fig. 3) . Decreased rates of apoptosis were detected in MST4 cells in response to hypoxia compared with those observed in vector controls (2.67-fold at 17 hours; P < 0.001). Incubation with hesperadin abolished the MST4-protective effects on cell survival in a dose-dependent fashion with an EC 50 of 10 nmol/L. Treatment with hesperadin (40 nmol/L) completely blocked MST4 protection against hypoxiainduced apoptosis with rates of cell death similar to that of vector controls (0.93-fold, P ¼ 0.69). These data confirm that hesperadin inhibits the ability of MST4 to promote pituitary tumor cell survival in a hypoxic microenvironment.
Hesperadin blocks MST4 promotion of proliferation and colony formation in pituitary tumor cells under long-term hypoxic stress
To further explore the ability of hesperadin to modulate MST4 effects, we examined its impact on gonadotrope cell proliferation and tumorigenicity. Cell proliferation was assessed by BrdUrd incorporation under chronic hypoxia (5% O 2 ) for 7 days in the absence or presence of hesperadin ( Fig. 4A and B) . Incubation with hesperadin inhibited the ability of MST4 transfectants to increase the rates of proliferation in a dose-dependent fashion, compared with controls ( Fig. 4A and B; 2.60-fold at 5 nmol/L, P < 0.001; 2.41-fold at 10 nmol/L, P ¼ 0.002; 1.38-fold at 20 nmol/L, P ¼ 0.12; 2.16-fold at 40 nmol/L, P ¼ 0.91). To examine if hesperadin would modulate the rates of colony formation, LbT2-MST4 or vector controls were grown under chronic hypoxic conditions (5% O 2 ) for 14 days (Fig. 4C and D) . Under hypoxia, an increased number of colonies were observed in MST4 transfectants (7,837 AE 401 colonies per well in MST4 cells compared with 3,917 AE 135 colonies/well in vector control cells, a 2.0-fold increase, P < 0.001; Fig. 4C ). In contrast, incubation with hesperadin (20 nmol/L) completely blocked the promotion of colony formation induced by MST4 overexpression (2,941 AE 253 colonies per well in MST4 transfectants compared with 3,031 AE 622 colonies per well in vector cells, 0.97-fold, P ¼ 0.91; Fig. 4D ). These results confirm that the hesperadin blocks MST4-induced cell proliferation and colony formation of gonadotrope pituitary tumor cells in a hypoxic microenvironment.
MST4-regulated signaling is blocked by hesperadin
We have previously demonstrated that the MST4 kinase regulates pituitary cell proliferation and survival via p38 MAPK and AKT signaling cascades (see the model in Fig. 5A; ref. 11 ). To investigate the inhibitory effect of hesperadin on MST4 signaling, LbT2 transfectants were incubated in the absence or presence of hesperadin for 3 hours (20 or 40 nmol/L), and lysates were used for immunoblots to analyze the expression and activation of p38 MAPK and AKT pathways (Fig. 5B) . In the absence of hesperadin, activated p-p38 MAPK and p-AKT were detected in MST4 transfectant compared with vector controls. In contrast, incubation with hesperadin attenuated this MST4-increased activation of p38 MAPK and AKT. These data support the assertion that hesperadin blocks pathways downstream of the MST4 kinase.
Hesperadin blocks MST4 activation of the hypoxia-inducible factor (HIF-1) pathway
Our prior studies demonstrated that in addition to activation of the p38 MAPK and PI3K/AKT signaling pathways, MST4 activates HIF-1 and its downstream effectors (11) . To confirm that hesperadin may also interrupt this pathway, control and MST4 cells were exposed to hypoxia (1% O 2 ) for 17 hours in the absence or presence of hesperadin (20 or 40 nmol/L) and activation of HIF-1 was assessed by a HIF-1 reporter construct (Fig. 5C, inset) . Control cells exposed to DMSO showed a nonsignificant activation of the HRE-luciferase construct (1.95-fold, P ¼ 0.2) in the presence of hypoxia. In contrast, the MST4 transfectants hyper-responded to hypoxia activating the HIF-1 reporter, with the HRE-luciferase activity increasing by 29.8-fold (P < 0.001). Coincubation with hesperadin decreased this activity in a dose-dependent fashion (0.8-fold at 20 nmol/L, P ¼ 0.22; 0.49-fold at 40 nmol/L, P ¼ 0.002), compared with untreated MST4 cells. These results again confirm the potent ability of hesperadin to limit the effects of MST4 to drive the hyper-responsiveness of downstream targets containing a HIF-1 response element.
Discussion
A computational-based virtual screen of the Selleckchem kinase inhibitor library against the MST4 crystal structure identified several potential inhibitors of MST4. Following the computational screen, several inhibitors were identified with optimal docking scores to bind to the ATP binding site of the MST4 crystal structure. We examined the mTOR inhibitor PKI-587, the Aurora kinase inhibitor hesperadin, and the Polo kinase inhibitor volasertib in our hypoxic cell model, and hesperadin diminished the antiapoptotic effects of MST4 in a dose-dependent manner. We then examined inhibition of MST4 kinase activity using a TR-FRET in vitro kinase assay and found potent low nanomolar inhibition with hesperadin (IC 50 ¼ 6.18 AE 2.2 nmol/L). This is in comparison to the reported cell-free inhibitory activity of the compound against Aurora B at 250 nmol/L (32) . These data support that hesperadin is a potent inhibitor of MST4, demonstrate greater selectivity for MST4 compared with Aurora B kinase, and suggest that hesperadin might be more appropriately termed an MST4 inhibitor.
These studies strengthened the rationale to analyze the ability of hesperadin to block the proliferative, tumorigenic, and prosurvival effects of MST4 in the hypoxic pituitary cell model. Pituitary tumors enlarge within a restricted space and blood supply and are exposed to a hypoxic microenvironment (33, 34) . We developed both a short-term severe hypoxia model and a longer term pituitary tumor cell hypoxia model (11) to analyze the function of MST4 and to test the ability of hesperadin to antagonize MST4 actions. In a chronic hypoxic microenvironment, hesperadin blocked the ability of MST4 to promote colony formation in soft agar, and inhibited MST4 increased cell proliferation. Under short-term severe hypoxia, MST4 pituitary cell transfectants incubated with hesperadin lost their survival advantage. We then demonstrated that the activation of the downstream effectors of MST4, including p-p38, p-AKT, and HIF-1, was abrogated in the presence of hesperadin. Together, these data support efforts to further investigate hesperadin as a potential MST4 inhibitor in vivo, toward a future goal to utilize the compound as a potential novel medical therapy for patients with pituitary tumors. Limitations of the studies include the lack of human pituitary cell lines and that currently available mouse gonadotrope cell lines are SV40 immortalized. However, the effects of immortalization would be expected to be similar in both vector control and MST4 transfectants and not the major mediator of the differential effects observed. In addition to Aurora kinase B, hesperadin has been shown to block several other kinases, including AMPK, Lck, MKK1, MAPKAP-K1, CHK1, and PHK (32); however, these were observed at doses of 1 mmol/L, far in excess of the low nanomolar doses used in our studies. Future studies will be needed to examine if there are any off-target effects of hesperadin on other kinases in the low nanomolar range.
What about dysregulation of the MST4 kinase in other cancers? To date, only one report suggested that MST4 is overexpressed in prostate cancer samples and cell lines, and that ectopic expression of wild-type, but not kinase dead, MST4 induced cell proliferation and in vivo tumorigenesis in nude mice (28) . In a recent evaluation of 110 prostate biopsy cores, MST4 was not expressed in benign prostatic hypertrophy samples, but was detected at high levels by immunohistochemistry in 39% of prostate cancer samples (35) . Using the Bioportal website, analysis of The Cancer Genome Atlas of cancer tissues suggests that 4% to 5% of prostate cancers in their dataset have a genetic amplification of the MST4 locus as a mechanism for overexpression (36, 37) . These data suggest that prostate cancer is a potential area of interest. MST4 is also amplified in ovarian, stomach, and esophageal cancers and some head and neck cancers (36, 37) . Further studies are needed to determine if MST4 is a biomarker for disease activity or plays a tumorigenic role in these cancers, and if hesperadin as a single agent or in combination therapy may be a novel therapeutic approach for the treatment of pituitary tumors and in additional cancer types.
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